The long-period (>1 day) behavior of the seafloor electromagnetic fields during EMSLAB is considered in detail with an emphasis on interpretation in terms of oceanic motions. The study begins with a summary of the physics of motional electromagnetic induction, in which the seawater conductivity-weighted, vertically integrated velocity measured by the horizontal electric field is emphasized. Using frequency-domain methods, it is shown that seafloor and terrestrial magnetic variations have similar spectral shapes, indicating a common origin, but the seafloor electric field is not consistent with either at periods longer than 4 days, suggesting an oceanic source. The magnetic field variations are highly coherent across the EMSLAB array at periods shorter than 9 days, but the similarity decreases at longer periods, probably due to long-term instrumental drift. The seafloor horizontal electric field data exhibit the broadband coherence characteristic of ionospheric sources only at periods shorter than 1-2 days and are essentially incoherent between 4 days and a week except in association with certain propagating wave phenomena. The distinction between the depth-averaged velocity inferred from the horizontal electric field and its point measurement by the vertical electric field is demonstrated with data. Some specific properties of the seafloor electric fields are then considered in detail. The first of these is a 4-day wave observed to propagate from north-to-south along the east flank of the Juan de Fuca Ridge. The wavelength, propagation sense, and association with the ridge are all consistent with topographically trapped Rossby wave behavior at a zero in the group velocity. A second north-to-south propagating wave is seen at periods of 8-12 days in the middle of the EMSLAB area with a probable wavelength of order 1000 km. Unresolved low-frequency structures in the electric field are also mentioned. These observations clearly demonstrate the power of electromagnetic array methods for the study of long-period oceanic behavior.
INTRODUCTION
Natural electromagnetic fields in the oceans are induced by both external, ionospheric and magnetospheric, electric current systems flowing at heights of 102 to 105 km above the Earth and by the dynamo interaction of water currents with the Earth's stationary magnetic field. The large-scale spatial and temporal morphology of the former is reasonably well understood, and the fluctuating electromagnetic fields that external currents produce at the seafloor can be characterized and classified. Externally induced electromagnetic fields have long been used as a source for geophysical exploration using the magnetotelluric and geomagnetic depth sounding methods.
Motionally induced electromagnetic fields are less well understood, primarily due to the paucity of observations covering the long periods (days to months) where most of the ocean's variability is concentrated. However, recent work has clearly demonstrated that electric field measurements using seafloor cables that span intense, localized streams can be interpreted in terms of fluid transport and give unique temporal information on low-frequency oceanic variability [Sanford, 1982; Larsen and Sanford, 1985] . The strong electromagnetic signature of intense eddy activity near a boundary current has been detected , and an experiment to study the wavenumber structure of low-frequency from north-to-south on the east flank of the ridge, and the available evidence suggests a topographically trapped Rossby wave as the source. The second peculiarity occurs at longer periods (8-12 days) and displays north-to-south phase propagation that is clearest midway between the Juan de Fuca Ridge and the coast of North America.
MOTIONAL ELECTROMAGNETIC INDUCTION
reduces to the barotropic velocity when ¾h is independent of depth. A seafloor cable measures the horizontal integral of (1); see Sanford [1982] for a discussion of cable measurement interpretation.
The expression for the vertical electric field is much simpler than (1). Rewriting the vertical component of Ohm's law for a moving medium in the form
The framework for the theory of electromagnetic induction to be used in this paper is outlined by A.D. Chave et al. (manuscript in preparation, 1989), confirming and extending the earlier results of Sanford [ 1971] . This treatment is based on a separation of the electromagnetic fields into independent toroidal and poloidal magnetic (TM and PM) modes under the assumption that the electrical conductivity of the ocean and Earth varies only vertically. Using a set of Green functions valid for an ocean of constant conductivity and depth overlying a layered earth, an exact set of integral equations are derived which describe the electromagnetic fields in an ocean of vertically varying conductivity. Some characteristics of the real ocean allow important simplifications to be made at periods substantially longer than an inertial day, including the following (1) the horizontal length scale is typically large compared to the depth of the ocean and (2) the vertical velocity is negligible compared to the horizontal components. It is also assumed that the effect of self-induction is not large. In addition, the geomagnetic field is modeled as an inclined geocentric dipole. Using these conditions, approximate solutions to the integral equations are constructed; these are summarized here. 
Consider a Cartesian
is the conductivity-weighted, vertically integrated horizontal water velocity, H is the water depth, (tr} is the depth-averaged conductivity, C is a scale factor which depends on the electrical conductivity structure beneath the seafloor, p =x.
•+y•, Fz is the vertical component of the geomagnetic induction, and N is a small error term that depends on the velocity field over a wide area as well as random effects. The multiplicative relation with C in (1) is more properly a convolution relation between a spatial averaging kernel and (2), with an averaging distance in the horizontal that is of order a couple of times the water depth. This means that the horizontal electric field is actually a spatial average of the water velocity. C can be approximated as a constant slightly smaller than 1 for realistic conductivity models of the Earth and may be computed from contemporaneous electric field and conventional measurements of the water velocity. N represents the influence of nonlocal motional electric currents and is discussed by Sanford [1971] 
it can easily be shown that the vertical electric current density term is negligible compared to the motional term if the electrical conductivity of the seafloor is substantially smaller than that of seawater. This means that the vertical electric field is proportional to the horizontal water velocity at the point of measurement, as given by the first part of (3). Since the geomagnetic field is almost axial, Ez gives the local geomagnetic east-west water velocity; this is nearly the zonal component at mid-to lowlatitudes.
By procedures similar to those used to get (1), an expression for the motional horizontal magnetic field can be obtained. The horizontal magnetic field varies with depth because electric currents flow in different directions at different points in the ocean and in the earth, and the magnetic field is a weighted spatial average of them. An expression similar to (1) involving both local and nonlocal electric currents that are proportional to the conductivity-weighted, vertically integrated water velocity (2) However, the relative balance of the two contributions is not simple, and the interpretation of the motional horizontal magnetic field depends in a complex way on the electrical structure of the earth and the vertical distribution of seawater conductivity and water velocity. The motional horizontal magnetic field is proportional to several small physical parameters, unlike the electric field, and is expected to be especially weak. The vertical magnetic field is due entirely to nonlocal electric currents and behaves qualitatively like the horizontal components except that it is depth-independent. Due to this complexity, the motional magnetic fields will not be quantified here.
In summary, motional horizontal electric fields at subinertial periods where the horizontal length scale of an ocean flow is typically much larger than the water depth are proportional to the cross product of the vertical component of geomagnetic induction with the conductivity-weighted, vertically integrated horizontal water velocity. The constant of proportionality depends on the electrical conductivity profile beneath the seafloor and approaches unity as the seafloor becomes more resistive. This means that the north electric field component is a measure of the velocity to the west, while the east electric field is a measure of the velocity to the north in the northern hemisphere. The conductivity weighting of the velocity in (2) may be quantified using historic temperature and salinity information to construct conductivity profiles but generally is dominated by the barotropic velocity. This is a quantity that is exceptionally difficult to measure by conventional means (e.g., mechanical current meters) since the baroclinic velocity field is typically more energetic than the barotropic part in the world oceans. By contrast, the vertical electric field expression (3) is much simpler, and Ez gives the geomagnetic east-west water velocity due to barotropic and baroclinic flows at the measurement point. Motional magnetic fields are substantially more complicated, involving weighted averages of both local and nonlocal electric currents.
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DATA
A description of the EMSLAB experiment, including the goals and experimental layout, is given by EMSLAB Group [1988] . In this paper, only the offshore phase of the project will be considered. A total of 39 bottom packages were deployed at 19 sites, and all except one unit were recovered; usable data were returned by 33 of the instruments. The time series selected for this study consist of the electric and magnetic ones collected by electrometers placed about 100 m above the seafloor were also used. One of these was an older unit measuring the potential between the ends of a 100-m-long vertical wire and is described by Bindoff et al. [1986] . The second was a prototype unit using an adaptation of the horizontal electrometer water chopper and covered by Filloux [ 1987] . The SIO magnetometers are modem versions of suspended magnet systems using extremely rigid and stable suspension fibers and optoelectronic feedback nulling. These units have a resolution of 0.2 nT and sample the magnetic field at a rate of 64 h -•.
The PGC magnetometers are standard fluxgate designs with a resolution of 1 nT and a sample rate of 30 h -•. The FUA magnetometer is similar to the PGC units and is described by White [1979] . Further information on seafloor magnetometers is given by Filloux [1987] .
All of the time series were carefully edited to remove bad values using standard methods. Because of the water chopper, the horizontal electric and chopper-type vertical electric data required no trend removal, and no further preprocessing was necessary. The data from the long-wire vertical electrometer (site SF6) displayed serious drift at periods longer than about a day and were not used in the subsequent analysis. Most of the SIO magnetic data showed long-term exponential drift caused by settling of the instrument package into the sediments on the seafloor. This was corrected when necessary by least squares removal of an exponential trend. The PGC and FUA magnetometers were less sensitive to package motion, but some of the time series displayed drift problems that were traced to magnetization of lithium batteries on discharge. This was detrended by fitting a least squares, variable knot spline function with two to three free knots.
All of the raw time series are dominated by high-amplitude, periodic signals due to the solar daily variation, its harmonics, and the ocean tides. Prior to further analysis, the components listed in Table 1 weighted averages over adjacent frequencies are computed to get a consistent spectrum. There are serious problems with this method, principally because of an inability to utilize a low bias data window without dramatically decreasing the variance efficiency. Band-averaged estimates may be badly biased, usually in a manner that is misleading and difficult to detect, and should be regarded as obsolete.
A modem replacement for band-averaged spectra based on a multiple prolate window expansion of the Fourier transform was introduced by Thomson [1982] and will be used throughout this paper. The multiple window approach generalizes the role of a data taper and involves the separate processing of a time series using each member of a set of orthogonal data windows that are optimal in a minimum spectral leakage sense and which depend on a free parameter, the resolution bandwidth or time-bandwidth product. Each of these raw estimates is essentially independent, and the final result is a weighted average of the individual spectra and hence is statistically consistent. This gives high variance efficiency with good control of the bias caused by spectral leakage. The final spectrum is effectively the convolution of the unknown true spectrum with a rectangular frequency-domain window of width governed by the time-bandwidth product. Further information on the multiple window method is given by Thomson [1982] . Certain normalizations used here differ slightly from Thomson The horizontal electric field (1) is a measure of the vector horizontal velocity, and a Cartesian approach to its analysis has several drawbacks. First, a complete treatment of two sets of horizontal velocity measurements involves four sets of coherences and phases for each frequency, each of which has similar significance. Second, the coherences are not invariant under coordinate rotation, and local effects that change the natural coordinates for different data series can produce misleading results. An alternate approach based on a rotary representation is in common use by oceanographers and is discussed by Mooers [1973] . A horizontal velocity vector at a single site is represented as a complex quantity and decomposed into two counterrotating circular components with distinct amplitudes and phases. This means that spectra may be different for positive and negative frequencies.
The convention chosen here is that anticlockwise motions correspond to positive frequencies and clockwise motions correspond to negative ones. Because of the circular symmetry, coordinate invariance holds for the coherence, while the phase changes in proportion to any relative coordinate rotation; the differential coordinate system orientation can also be obtained from combinations of the rotary crossspectra. This makes it possible to quickly determine the statistical relationships between sets of vector time series. In addition, there are strong dynamical reasons to prefer the rotary form for spectra of ocean velocity because some types of wave disturbances will be preferentially polarized in a clockwise sense due to rotation of the Earth.
SPECTRA OF THE ELECTROMAGNETIC FiIELDS
Multiple window power spectra for all of the seafloor electric and magnetic components were computed as a summary representation of the data. After prewhitening with a five-term autoregressive filter, spectra with a time-bandwidth product of four and eight windows were obtained and corrected for the prewhitening, yielding approximately 16 degrees-of-freedom per frequency. This gives a double-sided 95% confidence limit on the spectrum of (0.6,2.3) times the estimate at each frequency, assuming Z 2 statis- tics. Since there are about 60 days or 1440 hours of data available, the spectral bandwidth is --0.0028 cph; features that are more closely spaced than this are not clearly resolvable. Figure 2 compares power spectra of the horizontal magnetic field components at site SE3, located near the middle of the Cascadia Basin, to corresponding spectra for Victoria Observatory. The remaining seafloor magnetic field spectra are qualitatively similar to those at SE3, and no distinct features could be detected at individual sites. The primary characteristic distinguishing the seafloor and land spectra is the marked attenuation of the seafloor magnetic field at frequencies above 0.1 cph caused by the conductive ocean layer. Expressions quantifying this reduction in power are given by Chave and Filloux [1984] , and it can amount to a decade or more at 1 cph. However, at periods longer than a day, the spectra do not differ significantly except for the increase in power at the lowest resolvable frequencies for the east component at Victoria. This is caused by a slight trend of probable instrumental origin in the data and is not important. Note that the spectra are redder at high frequencies than at low ones with a break in slope at about 1 cpd. The seafloor east magnetic field spectra are nearly white at frequencies below 1 cpd, while the slopes of the north ones are roughly proportional to inverse frequency in that region. Spectra of the vertical magnetic field (not shown) are qualitatively similar to those for the east component except for a reduction in power by up to a factor of 10, reflecting the weaker vertical magnetic variation field. Figure 1) . The spectrum has a time-bandwidth product of 4 and was computed with eight orthogonal windows, yielding about 16 equivalent degrees-of-freedom per frequency for 95% confidence limits of (0.6,2.3) times the estimate. The spectral bandwidth is --0.0028 cph. The solid line is a model spectrum for the vertical electric field induced by oceanic internal waves as derived by Chave [ 1984] .
COHERENCE STRUCTURE OF THE MAGNETIC FIELD
Estimates for the two-point and multiple squared coherences (hereafter simply called the coherences) between the seafloor electric or magnetic fields and both the magnetic field at Victoria Observatory and other seafloor measurements were computed using the multiple prolate window method following F.L. Vernon et al. (manuscript in preparation, 1989) . After prewhitening each data sequence with a five-term autoregressive filter, 13 windowed raw estimates with a time-bandwidth product of 6.5 were obtained, combined using adaptive weighting, and corrected for the prewhitening to get the coherence. These quantities possess about 26 degrees-of-freedom at each frequency, so the zero coherence level is 0.22 for the ordinary coherence and 0.26 for the multiple coherence with three input terms assuming normally distributed data; values smaller than these are indistinguishable from zero. The spectral bandwidth is --0.0045 cph. in the coherence spectrum are obvious at the frequency of Sq and its first two harmonics, presumably due to a residual component that contains a substantial short spatial scale part that is not eliminated by the least squares line removal procedure. The lowfrequency falloff in coherence occurs only for frequencies within the resolution bandwidth, and its magnitude is both componentand site-dependent. This means that it could be due to either unresolved low-frequency contamination of the seafloor magnetic field by the ocean or to errors induced by instrumental drift and the process of detrending. Note that the low-frequency coherence is not significant for the north magnetic field component but is significant but reduced for the remaining ones. The multiple coherences for the magnetic fields at other seafloor sites and Victoria Observatory are qualitatively similar. The two-point coherences for a single magnetic field component at two seafloor sites were computed for all station pairs. The general features seen in Figure 5 are confirmed; in addition, the magnetic fields are in phase at frequencies below 0.3 cph throughout the array when the coherence is significant. The coherence is somewhat higher as the station separation decreases and can exceed 0.99 for closely spaced measurements. The drop in coherence within a spectral bandwidth of zero frequency is also confirmed, with no consistent pattern to the change being detectable. The holes in the coherence at the frequencies of Sq and its harmonics depend strongly on the orientation of the two stations, being large when the latitude separation is substantial and vanishing for two sites located at the same geomagnetic latitude. There are also substantial changes in the relative phases at frequencies above 0.3 cph that are certainly due to electrical structure changes and source field variations. A detailed discussion of such effects will not be given in this paper.
In conclusion, the seafloor magnetic field is highly coherent across the EMSLAB array at periods shorter than 9 days. This is the longest period which can be reliably studied (in a statistical sense) with this short data set. A decrease in coherence is observed at longer periods, often to a zero value, but no clear spatial pattern can be detected. The evidence for motional magnetic fields in these data is equivocal, with the low-frequency falloff in coherence being suggestive but not clearly differentiable from contamination by long-term trends in the data. There is no indication of motional magnetic fields at periods shorter than 9 days. The high coherence of the magnetic field components, including the vertical one, to fairly long periods suggests that the geomagnetic depth sounding method could profitably be employed on the seafloor. If very low frequencies can be achieved, then studies like that of Schultz and Larsen [1987] could gain more global coverage. Figure 6 shows the multiple coherence between the north and east electric field components at SF7 and all three magnetic field components at Victoria Observatory and at the same site. The coherences are qualitatively similar, with a value of = 0.9 from a frequency of = 0.04 cph to the Nyquist value and a sharp falloff below this. The coherence with the local magnetic field falls off faster near the upper frequency limit due to the weakness of the seafloor magnetic field and a concomitant rise in the relative noise level. As for However, it should be noted that the lithosphere in the offshore EMSLAB area is extremely young (_<10 Ma), correspondingly hot, and probably more conductive than that studied by Cox et al., and extrapolation of a conductivity profile from an older region is risky. No independent water velocity measurements were collected during EMSLAB, so a direct calibration is not available.
COHERENCE STRUCTURE OF THE ELECTRIC FIELD
All velocities from the horizontal electric field in this paper will be quoted ignoring current leakage effects. However, the interaction correction is unlikely to exceed 10% based on geophysically reasonable models for the lithospheric conductivity.
The raw east electric field time series in the EMSLAB data were processed with a low-pass prolate filter having a 3-dB point at a period of 4 days and 60 dB of stopband attenuation. 
SOME DETAILS OF THE LONG-PERIOD ELECTRIC FIELD
The long-period electric field displays more complex behavior than the magnetic field, some of which is apparent in Figures 7 and 8. For this reason, a few intersite electric field coherences analogous to Figure 5 fail to illustrate the diversity of phenomena contained in the EMSLAB data. Instead, a more detailed look at a few specific characteristics of the electric field will be made.
The most prominent signal in Figure 7 is the nearly periodic 4-day component in the horizontal electric field at sites SE5, SE6, and SG4. This component is also seen at site SF8 and very weakly at site SF7; these measurements are the closest ones to the topographic high associated with the Juan de Fuca spreading center. Figure 9 shows power spectra of the horizontal electric field at sites SE5 and SG4 using the rotary representation that was outlined earlier. Since the long-period electric field is a proxy for the depth-integrated water velocity, the complex time series that were analyzed had minus the north component in the real part and the east component in the imaginary part; these are appropriate for the east and north velocity components, respectively, the usual • and • coordinates used in oceanography. This means that the sense of rotation in the figures will be correct for the water velocity and reversed for the actual electric field vector; this convention will be used for the remainder of this paper. At high frequencies (>0.02 cph), the clockwise and counterclockwise rotating parts have similar amplitudes, reflecting a roughly linearly polarized external source field. There is a slight tendency to an excess of clockwise-polarized (in the sense of the electric vector) energy near 0.4 cph. At lower frequencies, both sites show an unpolarized increase in power toward low frequency. Superimposed on this is a predominantly clockwise-polarized (in a velocity sense) enhancement of variance centered near four days period. It is important to note that the spread of this feature reflects the resolution bandwidth of the multiple window spectrum rather than the fundamental bandwidth of the process producing it. An F test using the method of Thomson [1982] fails; the peak in the spectrum represents a narrowband process rather than a quasideterministic one with a constant phase relationship. At site SE5 the motion is essentially circular, as reflected in the total absence of a variance increase in the counterclockwise polarization, while at SG4 the motion is more elliptical. The remaining ridge sites show nearly linear motion at SE6 and nearly circular motion at SF7 and SF8, although the signal level is reduced at the latter two points. Cannon value. This figure is also smaller than the peak-to-peak value in Figure 7 would suggest due to the non-steady state nature of the 4-day wave. topographic Rossby wave behavior. It can also be shown that for topography such that ot/Ho is bounded, the group velocity will change sign at some location in frequency-wavenumber space [Huthnance, 1975] . This means that a group velocity zero must exist at which no energy propagates but where phase propagation is still possible. This suggests a working hypothesis to explain the observations: some external source, possibly atmospheric forcing, is pumping energy into the ocean at the appropriate spatial scale to excite depth-independent or weakly depth-dependent currents. This energy is quickly transported away from the forcing region except at the resonancelike group velocity minimum, where the very long-lived phase propagation necessary to explain the observations could occur.
As a second illustration of the diverse phenomena present in the electric field data, Figure 13 shows the Cartesian coherences and phases between sites SE3 and SG2, spanning a north-south distance of 180 km in the center of the Cascadia Basin. The coherence is high at frequencies above 0.03 cph, especially for the north component, but there is a fairly complex phase structure due to source field effects. The sense of the phase is such that the south site (SG2) leads the north one (SE3), and its size increases with period. The coherence falls rapidly at frequencies below 0.02 cph, but a very sharp peak occurs over 0.0035-0.005 cph (8 to 12 day period) in both electric field components. There is a distinct phase associated with both of these peaks, suggesting a north-to-south propagating component with a wavelength of about 1000 km. This peak is seen for several pairs of stations in the middle of the basin, but is not clear when either near-ridge or near-coast ones are included, although this may indicate interference from unresolved low-frequency components within a spectral bandwidth of zero frequency. The origin of this propagating wave is not known, but it is interesting to speculate about open ocean barotropic wave phenomena. Such waves could be observed in the absence of topography but would be obscured by others having a multiplicity of wavenumbers near the coast or the ridge. Frequency (cph,)
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• Figure 1 . The intersite distance is about 320 km. The coherence is high for frequencies above 0.02 cph, falling rapidly below this, and never rising above zero for the north electric field. The east electric field coherence rises quickly again at low frequencies. Similar behavior is seen for the north electric field component in Figure 13 . This unresolved low-frequency component appears at many locations in the EMSLAB data, but it is difficult to establish a clear pattern, probably reflecting the presence of several independent processes at different frequencies that are mixed together during analysis because of resolution problems. A longer time series would allow these to be studied.
Further study of the offshore EMSLAB data for oceanographic purposes is certainly warranted. For example, surface wind data computed from ship observations are available throughout the area and can be used to establish causative relationships, if any, between atmospheric forcing and the depth-averaged currents measured by the horizontal electric field. There are also five seafloor pressure records at sites SE3, SE5, SG2, SG3, and SG4 that may provide important clues about some of the phenomena described here. This report should be regarded only as a preliminary description of the oceanic effects on the seafloor electromagnetic fields during EMSLAB and further, more quantitative treatments will be forthcoming.
